MHVR isoform and/or its splice variants but not the mmCGM2 isoform. In contrast, adult SJVJ mice, which are resistant to infection with MHV-A59, express transcripts and proteins only of the mmCGM2-related isoforms, not MHVR. These data are compatible with the hypothesis that the MHVR and mmCGM2 glycoproteins may be encoded by different alleles of the same gene. We studied binding of anti-MHVR antibodies or MHV-A59 virions to proteins encoded by transcripts of MHIVR and mmCGM2 and two splice variants of MHIVR, one containing two immunoglobulin-like domains [MHVR(2d) ] and the other with four domains as in MHVR but with a longer cytoplasmic domain [MHVR(4d)d. We found that the three isoforms tested could serve as functional receptors for MHV-A59, although only isoforms that include the N-terminal domain of MHVR were recognized by monoclonal antibody CC1 in immunoblots or by MHV-A59 virions in virus overlay protein blot assays. Thus, in addition to MHIVR, both the two-domain isoforms, mmCGM2 and MHVR(2d), and the MHVR(4d)L isoform served as functional virus receptors for MHV-A59. This is the first report of multiple related glycoprotein isoforms that can serve as functional receptors for a single enveloped virus.
Murine coronaviruses cause a variety of syndromes in susceptible strains of mice, including inapparent enteric infection, respiratory infection, hepatitis, acute and chronic demyelinating disease, and wasting in nude mice (4, 32) . Our laboratory demonstrated that the A59 strain of the coronavirus mouse hepatitis virus (MHV-A59) recognizes a receptor determinant that is expressed on membranes from cells and tissues of MHV-A59-susceptible BALB/c mice but not on membranes from cells and tissues of MHV-A59-resistant adult SJL/J mice or on brush border membranes (BBM) from nonmurine species that are resistant to MIHIV-A59 infection (9, 10) . Monoclonal antibody (MAb) CC1, which is directed against the N-terminal domain of this receptor (12) , blocks virus attachment to murine fibroblasts, prevents infection of several murine cell lines, and partially protects neonatal BALB/c mice against infection with MHV-A59 (22, 34) .
From a BALB/c liver cDNA library, we cloned a cDNA, MHVR1, that encodes a cell membrane receptor for MHV-A59, called MHVR (11) . MHVR is a 110-to 120-kDa member of the biliary glycoprotein (BGP) subgroup of the carcinoembryonic antigen (CEA)-related glycoprotein (CGM) family in the immunoglobulin (Ig) superfamily (6, 11, 33) . Human (21) , rat (2) , and mouse (31) BGPs have been shown to function in vitro as cell adhesion proteins, and the rat homolog was reported to have ecto-ATPase activity (14) . Transfection of MHVR1 into MHV-resistant hamster or human cells made them susceptible to infection with MHV-A59 (11) . MAb CC1 recognized a 110-kDa glycoprotein encoded by the MHVR1 cDNA clone and blocked MHV-A59 infection of BHK-21 cells transfected with MHVR1 (11, 34, 35) . These experiments demonstrated that MHVR is a receptor for MHV-A59 in cells and tissues of BALB/c mice. In humans and rodents, many different CGM isoforms are expressed at different developmental stages (3, 7) . The human homolog of MHVR is one of at least 12 isoforms of BGP that have been identified by molecular cloning and immunochemistry. These variants apparently result from complex alternative splicing patterns of a single BGP gene (3) . In mice, nine isoforms of BGP have been identified by immunoblotting, immunoprecipitation, cloning, sequencing, and expression of cDNAs (11, 16 Williams et al. (34, 35) showed that although MHV-A59-resistant adult SJL/J mice do not express a CGM that binds MAb CC1 or MHV-A59 virions in immunoblots or virus overlay protein blot assays (VOPBAs), their intestinal BBM and liver membranes express a related glycoprotein that is recognized by antibody directed against the N-terminal peptide of MHVR and by antibodies to human CGMs. We postulated that adult SJLUJ mice were resistant to MHV-A59 because their MHVR homolog lacked the virus-binding determinant of MHVR (9, 35) . We have now characterized the murine CGMs expressed in BALB/c, SJL/J, and CD-1 liver and intestine cells, developed probes specific for mRNAs encoding several different murine CGMs, analyzed the expression of these mRNAs and the proteins that they encode in tissues of BALB/c, SJL/J, C3H, and C57BL/6 mice, and tested three additional murine CGMs for the ability to bind MHV-A59 or MAb CC1 and to serve as functional receptors for MHV-A59 when transfected into hamster cells. We found that several naturally occurring splice variants of MHVR1 and the two-domain homolog (mmCGM2) expressed in CD-1 and SJL/J mice can function as receptors for MHV-A59. The observation that BALB/c mice expressed only MHVR1 mRNA and its splice variants, while SJL/J mice expressed only mRNA for mmCGM2 and its splice variants, suggests that MHVR and mmCGM2 may be encoded by different alleles of the same gene.
MATERIALS AND METHODS
Viruses and cells. MHV-A59 was propagated in the 17 Cl 1 line of spontaneously transformed BALB/c 3T3 cells and plaque assayed in L2 cells (28) . Vaccinia virus strain WR was obtained from B. Moss (National Institutes of Health, Bethesda, Md.) and propagated in CV-1 cells. CV-1 cells and TK-cells were propagated as described previously (20) . A recombinant vaccinia virus carrying MHVR1 cDNA was propagated as previously described (19) . The LTA line of C3H mouse fibroblasts and the S15 line of LTA cells stably transfected with the two-domain mmCGM2, containing a short cytoplasmic domain expressed under the adenovirus major late promoter of plasmid p91023B, were propagated as previously described (31) .
An SJL/J embryo fibroblast cell line was established from decapitated 9-day embryos. Tissues were minced, triturated, and incubated in trypsin-EDTA for 15 min at 37°C. (20) . The recombinant was subjected to three rounds of plaque purification in the presence of 25 p,g of bromodeoxyuridine per ml. The resultant vaccinia virus recombinant was named vac-CGM2.
For analysis of the vac-CGM2-generated protein, BHK cells grown on 60-mm-diameter plates were infected with vac-CGM2 at a multiplicity of infection of 10 PFU per cell and incubated at 37°C for 24 h. Cells were then lysed in 0.5 ml of 2.3% SDS-10% glycerol-5% 3-mercaptoethanol-62.5 mM Tris-Cl (pH 6.8), and proteins were analyzed on SDSpolyacrylamide gels.
Antisera. Two antibodies directed against murine CGMs were used in these studies. Anti-MHVR MAb CC1, prepared from SJL/J mice immunized with a deoxycholate extract of BALB/c BBM, blocks infection of 17 Cl 1 and L2 mouse fibroblasts with MHV-A59 and detects the N-terminal domain of MHVR and its two-domain splice variant, MHVR, from liver and intestine tissues of BALB/c mice but not from SJL/J tissues (34, 35 and SJL/J colon (Fig. 1) . In both mouse strains, 3. (16) , and the sequence of the open reading frame of the SJL/J clone was identical to that of mmCGM2, also obtained from CD-1 colon cDNA (31) . The clone [MHVR(2d)] that we obtained from BALB/c colon cDNA contained the leader, domains 1 and 4, the transmembrane sequence, and the shorter cytoplasmic domain of MHVR. The only sequence of MHVR(2d) that is not found in MHVR1 is the result of the splicing event that joins domains 1 and 4 together. The first base of the proline codon at position 108 of MHVR and the last two bases of the glutamic acid codon at position 288 of MHVR form a new triplet that encodes glutamine, which corresponds to amino acid 109 of MHVR(2d). The nucleotide and amino acid sequences of MHVR(2d) and mmCGM2 were very similar. The largest region of sequence differences between these two clones was in the N-terminal domain (Fig. 2) . These nucleotide differences permit distinction between MHVR and mmCGM2 transcripts with probes targeted to this region. Amino acid sequence differences in this region showed one less potential N-linked glycosylation site in the SJL/J than in the BALB/c proteins, which could account for their smaller molecular weight. Two additional amino acid changes were found between MHVR(2d) and mmCGM2 in the last Ig-like domain.
Comparison of CEA-related mRNAs from BALB/c and SJVJ tissues by RNAPCR. While adult outbred CD-1 mice expressed several murine CGM transcripts, including transcripts of both MHVR and mmCGM2 and their spliced variants, immunoblotting of liver and intestine BBM with MAb CC1 or polyclonal antisera suggested that adult BALB/c expressed MHVR-related glycoproteins, while SJL/J mice expressed a different set of MHVR-related glycoproteins (35) . We used a more sensitive assay to determine whether the two inbred mouse strains expressed both MHVR and mmCGM2 transcripts. We either mmCGM2 or MHVR1 but not to both (oligonucleotides 5 and 4, respectively). RNA isolated from the colon, small intestine, and liver of the two mouse strains was amplified with primers 2 and 1. PCR products from the SJL/J tissues did not hybridize to the oligonucleotide specific for MHVR1, while PCR products from BALB/c tissues, as expected, showed strong hybridization to this probe under the same washing conditions (data not shown). The PCR products obtained from BALB/c tissues did not hybridize to the mmCGM2-specific probe, which hybridized strongly to the PCR products from SJL/J tissues.
To analyze further the difference in expression of the CEA family members in these two mouse strains and to extend the study to the C3H and C57BL/6 strains of mice, we analyzed the fragments of the N-terminal domains of the CGMs obtained by digestion of RNAPCR products with restriction enzymes. RNA prepared from liver and colon tissues of the four strains of mice was reverse transcribed, and the resulting cDNA was amplified with primers 2 and 3. The 297-bp PCR products obtained were digested with either AccI or DraII. Figure 3 shows a Southern blot of the fragments obtained upon restriction enzyme digestion of the PCR products from BALB/c, C3H, and SJL/J mice strains hybridized to a pool of oligonucleotide probes (probes 4, 5, and 7 through 12). The digestion patterns from DNA prepared from C57BL/6 cDNA were identical to those observed for BALB/c and C3H mice (data not shown). The 225-bp MHVR1 AccI fragment was detected in both liver and colon tissues. The 72-bp fragments from AccI digestion of BALB/c, C3H, and C57BL/6 PCR products were visualized in the ethidium bromide-stained gels but were not detected in the autoradiograph because of the absence of an oligonucleotide probe in the pool that will hybridize to this region. None of the PCR products from these three strains of mice was digested with DraII. The data show that these three J. VIROL. strains of mice expressed mRNA encoding the N-terminal domain of MHVR1 but not the corresponding domain of its homolog, mmCGM2. In contrast, PCR of colon and liver cDNA of SJVJ mice did not yield any MHVR1 products but did amplify mmCGM2 transcripts which were cleaved by DraII.
Virus-and MAb CCl-binding activities of MHVR and mmCGM2. To determine the virus-and antibody-binding activities of the two-domain form of mmCGM2, we overexpressed the protein encoded by the mmCGM2 cDNA by using a vaccinia virus vector (vac-CGM2) and analyzed its ability to bind virus, MAb CC1, and rabbit anti-MHVR. The 55-kDa mmCGM2 glycoprotein was recognized only by polyclonal anti-MHVR, not by the virus or MAb CC1 (Fig.  4) . In contrast, the 58-kDa glycoprotein encoded by MHVR(2d) and expressed transiently in BHK cells with a vaccinia virus T7 system reacted with the MAb CC1, the polyclonal anti-MHVR antibody, and the virus (data not shown).
Abilities of MHVR1 splice variants and mmCGM2 to act as functional receptors for MHV-A59. The abilities of an SJVLJderived CGM, mmCGM2, and two splice variants of MHVR1, MHVR(4d)L and MHVR(2d), to act as virus receptors when transiently transfected into receptor-negative, MHV-A59-resistant BHK cells were explored. Transfection of BHK cells with mmCGM2, MHVR(2d), or MHVR(4d)L in pRSVneo made the cells susceptible to MHV-A59 infection (Fig. 5) , while BHK cells transfected only with pRSVneo remained resistant (11) . This result for mmCGM2 was surprising in view of the absence of MAb CC1 binding and virus binding in immunoblots and VOPBAs of proteins from SJVLJ tissues that express mmCGM2 glycoproteins (35) and in view of the resistance to MHV-A59 and MHV-JHM infection of adult SJLJ mice and peritoneal macrophages from these animals (13, 23, 27) . We therefore prepared a continuous line of SJLJ embryo fibroblasts and tested its ability to support MHV-A59 infection and the ability of the murine CGMs in its membranes to bind MHV-A59, MAb CC1, or anti-MHVR. Two-domain and four-domain transcripts of mmCGM2 were detected in the SJVJ cell line by RNAPCR using primers 2 and 6 (data not shown). At passage 3, the SJUJ cells were completely resistant to infection with MHV-A59, as shown by immunofluorescence with an antiviral antibody at 7.5 h after virus challenge (Fig. 6) .
To determine whether the observed resistance of the SJLJ cell line to infection with MHV-A59 was due to an SJL-specific posttranslational modification of the MHVR homolog(s), we introduced MHVR1 cDNA into SJLVJ cells in two ways: we transiently transfected the cells with MHVR1 cDNA in pRSVneo, and we infected the cells at passage 3 with vac-MHVR (19) . We then studied the expression of MHVR on the plasma membrane of SJU/J cells and its ability to act as a functional receptor for MHV-A59. The results showed that in transfected or vac-MHVR-infected SJ[/J cells, MHVR could be expressed on the plasma membrane in a form that made the cells susceptible to infection (Fig. 6c) . Thus, SJL/J cells were able to process the MHVR glycoprotein normally so that it could serve as a functional virus receptor.
We then investigated whether SJVJ cells infected with vac-CGM2 (Fig. 6b) Similarly, for mice, the work of Beauchemin and colleagues (6, 7, 16, 17, 31) and the data presented in this report support the working hypothesis that a single murine BGP gene could be responsible for generation of the many isoforms of glycoproteins related to MHVR that are found in many murine tissues and that MHVR and mmCGM2 may be different alleles of this gene. Turbide et al. (31) and McCuaig et al. (16, 17) isolated cDNA clones for various isoforms of MHVR (mmCGM,) and mmCGM2 from colon tissue of outbred CD-1 mice, whereas we found only MHVR transcripts in liver, colon, and small intestine tissues of inbred BALB/c, C3H, and C57BL/6 mice, which all permit replication of MHV-A59, and only mmCGM2 transcripts in these tissues of adult SJL/J mice, which are resistant to infection with MHV-A59. Interestingly, intestinal BBM and hepatocyte membranes from F1 progeny from BALB/c x SJL/J matings showed about 40% of the MHV-A59-binding activity of the BALB/c parent, while the SJL/J mice showed no virus-binding activity in VOPBAs or solid-phase virus binding assays using undenatured membrane proteins (9 (8, 15, 25) . Nevertheless, it remains to be determined whether the different intracytoplasmic domains of the MHVR isoforms affect the cellular functions of these glycoproteins. Adult SJLVJ mice are much more resistant to MHV strains than are other mouse strains such as BALB/c. For example, the median infectious dose of MHV-S that leads to seroconversion of adult SJL/J mice following intranasal inoculation is more than 1,000 times that required for seroconversion of BALB/c mice (5); 80% of adult SJL/J mice survive intracerebral challenge with 1,000 50% lethal doses of MHV-JHM assayed in suckling Swiss Webster mice, and the survivors do not show any virus antigens or infectious virus in any organ for 8 days postinoculation (27) . In addition, peritoneal macrophages derived from SJL/J mice are resistant to infection with MHV-A59 (13, 23, 26, 27) and SJL/J tissues fail to bind MHV-A59 virions in VOPBAs (9, 35) . It therefore appeared likely that the SJL/J homologs of MHVR glycoproteins would not be functional receptors for MHV (35) . Hence, it was surprising that expression in BHK cells of cloned mmCGM2, one of the isoforms of SJL/J mice, rendered these cells susceptible to infection with MHV-A59. This observation suggested either that the posttranslational processing of mmCGM2, MHVR, MHVR(4d)L, and MHVR (2d) in SJL/J cells might in some manner prevent the glycoproteins from serving as functional receptors for MHV-A59, that some other host protein or factor could be blocking the ability of these glycoproteins to serve as virus receptors, or that interaction of MHV-A59 with cell surface receptors was not the step determining the resistance to MHV-A59 of SJL/J cells. However, we found that expression of mmCGM2 or MHVR isoforms in the SJL/J embryo fibroblast cell line allowed processing of the glycoproteins in these SJL/J cells in such a way that they could function as virus receptors. Thus, no host-dependent posttranslational processing event or receptor-blocking factor was detected in SJL/J cells. Further quantitative studies on virus binding and penetration in these SJL/J cells will be needed to determine how they restrict the functioning of MHVR or mmCGM2 as a virus receptor.
The studies described in this report have investigated the ability of various splice variants of two different, probably allelic, murine BGPs to serve as receptors for MHV-A59. The observed biological differences in susceptibility to MHV-A59 among BALB/c, C3H, C57BL/6, and SJL/J mice may be explained by variation in the quantities and distribution of the isoforms on the cell surface as well as the relative efficiency with which each isoform can serve as a receptor. Even relatively small differences in the efficacy of a virus receptor could result in very large biological differences in the multiple cycle infections that are required to cause disease in animals (1).
To our knowledge, the MHV receptor is the first receptor glycoprotein for an enveloped virus that has been shown to have multiple functional variants expressed in the tissues of the natural host of the virus, although two different transcripts of the poliovirus receptor (which, like MHVR, is a member of the Ig superfamily) can function as virus receptors (18) . For the murine coronaviruses, expression in the same host of multiple alternative glycoprotein receptors may play an important role in determining the wide variation in the tissue tropism, virulence, and pathogenesis of different MHV strains in murine hosts of different strains and ages.
